Isometric tricalcium aluminate hexahydrate, one of the well-established products of hydration of portland cement, forms complete solid solutions with the corresponding ferrite, 3CaO.Fe20a.6H20, with grossularite garnet, 3CaO.AhOa. 3Si02, and with andradite garnet, 3CaO.Fe20a.3Si02. Members of this solidsolution series were synthesized by hydrothermal methods, and X-ray determinations were made of their crystal structures. To the series belong: (1) The mineral plazolite, 3CaO.AhOa.2Si02.2R20, (2) the major product of hydration of the glass phase in portland cement clinker at elevated temperatures and pressures, and (3) one of the major products of hydration of tetracaleium aluminoferrite.
Although rather extensive investigations have been made on the reactions of the crystalline constituents of portland cement with water, no such study has been r eported with respect to the glass phase in cement clinker. In the course of some experiments related to this problem, on the reaction of water at elevated temperatures and pressures with glasses in the quaternary system CaO-Al20a-Fe20a-Si02, certain r esults were obtained which led to an investigation of possible solid solution relationships between the isometric tricalcium aluminate hexahydrate and the isometric tricalcium ferrite hexahydrate recently discovered by Eiger [1] . 1 The existence of such solid solutions was confirmed, and it was found that their stability was considerably influenced by the presence of silica.
An extension of the study r evealed that silica could replace water in both 3CaO.Al20 a.6H20 and 3CaO.Fe20a.6H20, and that the end products of these substitutions are grossularite garnet, 3CaO.Al20 a.3Si02, and andradite garnet, 3CaO.Fe203.3Si02, respectively. Complete solid solutions exist between each of these compounds and the other three. The hydrous members of the series may be termed "hydrogarnets" to indicate their relationship to the naturally occurring garnets.
This investigation is presented in two parts. The first deals with the synthesis of various garnets and hydrogarnets, and the second deals with their structures as r evealed by X-ray data. Small quantities of glasses representative of the composition of various liquid phases at 1,400° C in the system CaO-2CaO.Si02-5CaO. 3Al20a-4CaO.AI20a.Fe20a were available from a previous investigation and were used in the preliminary work. Details of the method of preparing these glasses have been given by Lerch and Brownmiller [2] . Half-gram quantities of the finely powdered glasses with 10 ml of CO2-free water were placed in steel bombs of 40-ml capacity, and the bombs were then heated at constant temperature (±5 degrees C) in electric furnaces for several days. The apparatus and procedure were the same as those described in a previous publication [3] . After the completion of the heating period, the products were removed from the bombs, washed with alcohol and ether, and dried over calcium chloride in a desiccator. The results obtained from treatment of glasses of various compositions are listed in table 1. The predominant phase obtained in experiments 1 to 4 consisted of isotropic crystals, frequently of rectangular outline but often appearing to retain the shapes of the original glass fragm ents. These aggregates exhibited closely spaced longitudinal striations. The index of refraction of the isotropic phase increased from 1.615, in the product from the Fe20a-free glass, to 1.655, in the product of experiment 4. This change in refractive index was accompanied by a deepened yellow color of the crystals.
Because the refractive indices of this phase were intermediate between those of 30aO.AlzOa.6H20, n= 1.605, and the lsomorphous compound 30aO.Fe20a.6H20, n=1.710, it seemed probable that the crystals might represent solid solutions of these two compounds. Experiments 5, 6, and 7 record attempts to prepare m embers of such a solid-solution series. The glasses used contained OaO, A120 a, and Fe203 in the molar proportions 9:2:1,6:1:1, and 9:1:2. If but one phase were formed in the hydration of these glasses, the r esulting products would be intermediate between 30aO.Al20 a.6H20 and 30aO.Fe20a.6H20 in composition. Similar treatments in the bombs gave much smaller amounts of the isometric phase than had been obtained from the glasses containing silica. The balance of the products consisted of hematite, calcium hydroJl.'i.de, and considerable poorly crystallized unidentified material. Apparently the presence of silica in the glasses of experiments 1 to 4 helped to stabilize the isometric phase.
Other OaO-Al20a-Fe20a glasses were prepared, using B20 a as a flux, but on hydration these gave a highly birefringent material as the primary phase and none of the isometric crystals. Another method of preparation therefore was sought.
(b) PREPARATION OF CALCIUM ALUMINOFERRITE HYDRATES Eiger [1] prepared 30aO.Fe20a.6H20 by treating colloidal hydrated ferric oxide with a lime solution for 6 weeks, and he obtained in this way a mixture of isometric crystals of refractive index 1.710 and hexagonal crystals of indices 1.61 to 1.65. The isometric 30aO. AlzOa.6H20 may also be obtained at room temperature, but is lilre-275613-41-2 wise usually accompanied by considerable amounts of the hexagonal form of hydrated calcium aluminate (4] , unless sufficient time is allowed for transformation of the hexagonal to the isometric form, a process that usually requires several months. A product made in this way is shown in figure 1 . However, if the preparation is carried out at higher temperatures (60° to 100° C.), the isometric aluminate crystallizes without any of the hexagonal form (5] . Since, in this study, preparations were desired which would be free from hexagonal ferrite or aluminate, a method was adopted wherein crystallization was brought about at 100° C.
The procedure involved the very slow addition of a dilute acidified solution of iron and aluminum chlorides to a large volume of boiling calcium hydroxide solution. Samples of iron and aluminum of high purity and ignited reagent quality calcium carbonate were the original materials. Sufficient iron and aluminum were used i'n all cases to give 3 g of each hydrate. In each experiment the required quantities of the two metals were placed in a small beaker, dissolved in 10 to 15 ml of 6 N HCl, and any ferrous iron was oxidized by the addition of hydrogen peroxide. After evaporation to dryness to remove excess HCl, the mixture of ferric and aluminum chlorides was taken up in 100 ml of CO2-free water containing 2 ml of concentrated HCl. This solution was then added over an interval of 8 to 10 hours to 5}f liters of boiling lime suspension (1.15 g of CaO per liter). The lime suspension was contained in a, 6-liter flask fitted with a rubber stopper carrying a reflux condenser and a dropping funnel with a constricted tip. Protection from atmospheric CO2 was provided by soda-lime tubes. The solution in the flask was kept boiling vigorously on a hot plate. It was found necessary to add the FeC13-AlCIa solution in very small droplets at the rate of only 10 to 15 ml per hour in order to prevent the precipitation of ferric hydroxide by the lime solution. After all of the chloride solution had been added, boiling was contmued for an additional half hour. The resulting mixture was cooled to room temperature and agitated until any calcium hydroxide crystals present had been dissolved. The product was then filtered off, washed with alcohol and ether, and dried overnight in a calcium chloride desiccator. Chemical analyses and index of refraction measurements are given in table 2. 
26. 38 ---i37- MlCroscopical examinations of the products indicated a purity of 95 percent or better, the preparat ions being made up of well-developed octahedral crystals. N one of the other crystal habits r eported by other writers (cubes, rhombic dodecahedrons, icositetrahedrons, etc.) of 3CaO.AbOa.6H20 was observed. A photomicrograph of a typical preparation is shown in figure 2 . The preparations toward the aluminate end of the series gave the best developed crystals, and the crystal size decreased as their iron content increased. Toward the fernte end of the series the octahedral faces of the crystals were not completely developed, and exhibited the cross-like appearance shown in figure 3 . The iron-containing products were of a light-yellow color.
Although no silica or hydrated calcium silicate could be detected microscopically in the products, the analyses in table 2 show each sample to be contaminated by 1 to 7 percent of Si02. Furthermore, the water contents (H20/R20 3) of the preparations are consistently lower than the theoretical value (H20/R20 3=6). However, if the molar ratio of (H20+2Si02)/R20 3 is calculated, values in better accord with theory are obtained, as may be seen in the table. It will be noted also that all but one of the silica-containing 3CaO.Fe20a. 6H20 preparations have refractive mdices slightly higher than the l. 710 reported by Eiger [1] .
Various expedients were tried in attempts to eliminate the contamination by silica. Experiments were made using copper and iron reaction vessels, but the products thereby obtained were all badly contaminated with hydrous iron oxide, no matter how slowly the ironcontaining solution was added. The same condition resulted when a silver-lined glass flask was used. Thus, as in the case of the treatment of the CaO-Al20a-Fe203-Si02 glasses with water, it is indicated that the presence of silica helps to stabilize the calcium aluminoferrite hydrates.
Glass containers of various compositions were tried, but none was found having complete resistance to lime solution. Other experiments were made wherein the reaction period in the glass flask was reduced to 3 hours. This could be accomplished without precipitation of ferric hydroxide if the iron-aluminum chloride solution was added to a rather heavy lime suspension containing about 10 g of CaO in excess of that used previously. After cooling the mixture to room temperature, the excess lime was removed by diluting with sufficient CO2-free water. However, it was found that the preparations were not improved by this treatment, as they still contained 4 to 5 percent of silica.
One preparation (No. 10, table 2) of the compound 3CaO.Fe20a.6H20 was attempted in a container of dense unglazed porcelain. Analysis showed 6.34 percent of silica, and the composition corresponded to 3.54 CaO:1.00Fe203:0.52Si02:6.01H20. This preparation differs from the others listed in table 2 in showing considerable contamination by fine-grained material of low birefringence, which may have been hydrated calcium silicate. However, it is included here because a determination of the unit-cube size of the isometric constituent in Section III of this paper showed ve~y close agreement with the estimated theoretical unit-cell value of 3CaO.Fe203.6H20.
When fernc chloride solution is added to limewater at room temperature a calcium chloroferrite, 3CaO.Fe203.CaCb.l0H20, is formed. At room temperature this compound goes over slowly to 3CaO.Fe20 3' 6H20. Thus, a chloroferrite preClpitate allowed to stand at room temperature for 95 days in contact with its solution was about 50 percent converted to the isometric compound. This sample contained 0.83 percent of Si02. Another chlorofernte preparation, which was filtered shortly after precipitation, and hence contained negligible silica, was placed in contact with dilute lime solution (0.626 g of CaOjliter) and maintained at 60 0 C with frequent shaking. After 2 weeks, it was completely transformed to the isometric compound. The product was found to contain 6.85 percent of Si02 taken up from the glass c~mtainer during this p eriod. appreciable quantities of hematite or gibbsite, as well as calcium hydroxide, appeared. The results are listed in table 3. Figure 4 summarizes these data, the temperatures plotted being the average of the two limiting temperatures, except in the case of 3CaO.A120 3.6H20, where it was taken as 300 0 C. • Samples are numbered to correspond with tho designations used in table 2.
In spite of the long digestion p eriods below the decomposition tcmperatures, the crystal size of thc hydrates was not greatly increased.
As will be shown later, the decomposition temperatures are influenced considerably by the presence of silica in the preparations. The fact that figure 4 is nearly a smooth curve probably is caused by the presence of roughly the same amounts of silica in the preparations, except in the 3CaO.A120 3 .6H20 product. The data in tables 1 and 2 indicate that 3CaO.AlzOa.6H20 and 3CaO.Fe20s.6H20 form a complete series of solid solutions. However, it is evident from the following considerations that silica is also a factor in the solid solutions as follows:
1. The isometric product obtained from a glass containing 8.7 percent of Si02 but no Fe20a (experiment 1, table 1), has a refractivc index appreciably higher than that of ordinary 3CaO.A120 3 .6H20.
2. The mineral plazolite, 3CaO.Alz03.2Si02.2H20, 2 [7] crystallizes in· the isometric system with a refractive index of 1.675 [8] intermediate between n= 1.605 for 3CaO.Al20 S.6H20 and n= 1. 735 for grossularite garnet, 3CaO.A120s.3Si02• Winchell [9] has pointed out the similarity between plazolite and grossularite. The formula of plazolite can be accounted for by assuming that two molecules of H 20 have replaced one molecule of Si02 in grossularite, or that two molecules of Si02 have replaced four molecules of H 20 in 3CaO.AlzOs. 6H20.
3. Although no natural ferrite corresponding to plazolite is known, the presence of quantities of Si02 up to 7.1 percent in the preparations of 3CaO·Fe20s·6H20 listed in table 2 points to the possibility of ' The original formula, 3Ca O.AlaO,.2Si02.2(CO" H 20), given for plazolite is incorrect, the carbonate content of the samples analyzed being due to the presence of small amounts of calcite. (Personal com· munication from W. F. F oshag). l analogous solid solution between 3CaO.Fe203.6H20 and andradite garnet, 3CaO.Fe20a.3Si02 ' 4. The preparations listed in table 2, with the exception of No. 10, have a water content of less than 6 moles. This can be accounted for by the assumption, as in the case of plazolite mentioned above, that 2 parts of H 20 were replaced by 1 part of Si02• 5. All attempts to obtain stable iron-containing preparations, except in the glass or porcelain containers which served as sources of silica during the reaction, were unsuccessful. Evidently the isometric calcium ferrite or alumino ferrite hydrates are unstable in the absence of a certain amount of silica in solid solution.
6. Numerous analyses of naturally occurring garnets prove the existence of a complete series of solid solutions between grossularite, 3CaO.Al20 a.3Si02, and andradite, 3CaO.Fe203.3Si02 [10] .
Confirmation of the above points was obtained in the X-ray study, the results of which will be presented in another section of tIns paper.
On the basis of the available evidence, the solid solution relationships of 3CaO.A120 a.6H20 with Fe20a and Si02 may, therefore, be tentatively formulated as follows:
3CaO . Al20 a . 6H20-3CaO. A120 3 In order to obtain homogeneous materials for hydrothermal treatment, glasses of the desired compositions were prepared from reagent quality calcium carbonate, alumina, ferric oxide, and purified silica gel (0.03 percent of nonvolatile residue on ignited basis). The mixtures were thoroughly ground and given a preliminary ignition at 1,200° C. All melts were prepared in a platinum resistance furnace. Those having liquidus temperatures of 1,400 to 1,450° C. were made in 5-g quantities in a furnace used for making experimental glasses; the remainder, in quantities of 0.5 to 1 g, were wrapped in platinum foil and quenched from the higher temperatures. The melts were held above the liquidus temperatures for 15 minutes before quenching. Glasses of uniform index and free from birefringent material were thus obtained.
The oxide ratios of glasses prepared and the temperatures from which the liquids were quenched are given in ... 00 0 I'< :;j 00 The appearance of ferrous oxide in glasses 17, 18, and 19 introduces some uncertainty as to their suitability for hydrothermal treatment, but the amount of reduction is perhaps not sufficiently large to be significant except in the case of glass 19.
The preparation of a number of other glasses was attempted, but it was found that the melting points of the compositions (3CaO.Fe20a.Si02, 6CaO.2FeaOa.3Si02, and 6CaO.A120a.Fe20a.2Si02) were above the temperature range of the furnace.
As before, 0.5-g quantities of the finely powdered glasses were treated in the bombs with 5 to 10 ml of water at various temperatures and for different lengths of time. The products were washed with alcohol and ether and dried in a desiccator over calcium chloride. Ignition-loss determinations, microscopical examinations, and X-ray patterns were then made of the products. Table 5 summarizes the results of the hydrothermal treatment of the various glasses. As the table indicates, in the five cases in which more than one temperature was used, certain temperatures are more effective than others in bringing about crystallization. Above 01' below the optimum temperature, crystallization is either very slow 01' decomposition to more than one product occurs. The preparations consisted, in all cases, of very small crystals of the isometric phase, the refractive index of which increased with increase in the Si02 content of the treated glasses, both in the Al20 s and Fe20s series. The refractive indices of the products from experiments 13 and 14 checked approximately those of plazolite and grossularite, respectively, but, in general, the refractive indices of the crystals could not be accurately determined because of their small size.
Departure of the water contents of the preparations from theoretical values is caused partially by the fact that in some cases a small percentage of unreacted glass remained after the hydrothermal treatment. Also, most of the products contained a few percent of poorly crystallized material, indicating that the action of the glass with water was not completely uniform. In the case of the iron-containing glass, some of the difficulty is probably caused by the presence of FeO, although the percentage of this constituent seems to be considerably reduced by the hydrothermal treatment. Thus the andradite garnet preparation (No.9, table 5) contained only 0.4 percent of FeO, although 3 .0 percent of FeO had been present in the original glass. Figure 5 , constructed from data in tables 2 and 4, illustrates the solid-solution relationships of the two garnets and the aluminate and ferrite hydrogarnets. The hydrate of any composition within the rectangle consists of a single isometric phase containing between 0 and 6 moles of H20 per mole of R20 3• l I
SUBSTITUTION OF OTHER OXIDES FOR CaO, A120 a, AND Fe20a IN THE SOLID-SOLUTION SERIES
In the hope of obtaining preparations better suited for crystallographic studies than 3CaO.Ab03.6H20 or 3CaO.Fe203.6H20, synthesis of analogous compounds in which th e CaO is r eplaced by MgO, MnO, BaO, and SrO, and the Al20 3 or F e20 3 by Cr20 3 was attempted. As before, the method involved the very slow addition of solutions of the chlorides of aluminum and chromium to boiling solutions of calcium, barium, or strontium hydroxides. For preparation of the magnesium and manganese compounds, solutions of the chlorides of these two metals were added slowly to boiling solutions of sodium aluminate. In no case was a material obtained bearing any similarity to the isometric aluminate or ferrite hydrates. Brandenberger [6] , however, has reported the existence of an isometric compound 3SrO.Al20 3.6H20, but he does not state how it was prepared.
A number of glasses having compositions corresponding to possible garnets were also made up and treated with water in the bombs at 500 0 C, 400 atmospheres, for periods of 1 to 3 weeks. The products from 3BaO.Al20 3.3Si02 and 3SrO.Al20 3.3Si02 showed extensive decomposition to Ba(OH)2 and Sr(OH)2 and apparently contained none of the isometric phase. The glass 3MgO.Al20 3 .3Si02 gave a finely divided, apparently heterogeneous product, none of the material having a refractive index as high as that of pyrop e, the corresponding garnet (n=1.725). A glass of equimolar proportions of 3CaO.Al20 3.3Si02 and 3MgO.Al20 3.3Si02 gave a product containing much birefringent material.
PRODUCTS OF REACTION OF WATER W ITH TETRACALCIUM AL UMINOFERRITE
The reaction of tetracalcium aluminoferrite with a large excess of water appears to be somewhat different from that which occurs when the ferrite is mixed with only enough water to form a paste.
In the exp eriments with a large excess of water, 100 g of 4CaO.AI20 3.Fe203 was shaken with 2 liters of CO2-free water for various lengths of time, the solutions filtered, and analyses for dissolved lime and alumina made on 200-ml aliquots of the filtrates. The concentrations (expressed as g of CaO and Al20 3 p er liter) in the resulting solutions, which contained no Fe203, are shown in figure 6 .
The concentration of the alumina in solution increased ra.pidly with the time of shaking, and reached a maximum in 30 minutes, after which it decreased gradually. A similar change occurred with the lime in solution but differed from that of the alumina in that the concentrations were higher. This is in contrast to the mechanism of the reaction of water on the calcium aluminates and calcium aluminate cements, where the concentration of the alumina in solution in th e early stages greatly exceeds that of the lime and becomes in som e instances over 2 g of Al20 3 per liter [4] .
All of these solutions were metastable and gave" silky" precipitates on standing. After 3 months, the precipitates were examined microscopically. They consisted of the hexagonal forms of hydrated calcium aluminate with, in most cases, smaller proportions of isometric 3CaO.Al20 3.6H20 of normal index, n= 1.605.
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One of the mixtures of 4CaO.Al203.Fe20a and water was allowed to stand for 10 years at room temperature, with occasional shaking. Analysis of this solution showed but a trace of alumina. The lime in solution was 1.087 g of CaO per liter, slightly less than that of a saturated lime solution. This increase in concentration of lime was accompanied by the disappearance of the hexagonal forms of hydrated calcium aluminate and of the anhydrous phase. The solid residue was a mixture of isometric crystals and finely divided reddish material. The bulk of the isometric crystals had the normal refractive index of 3CaO.A120 3.6H20. A relatively small proportion possessed a higher index of refraction, with a maximum value of about 1.637. An X-ray determination of the unit-cube size of the product checked the value of pure 3CaO.A120 3.6H20. The quantity of the material of higher refractive index was too small to have any apparent effect on the pattern. The reaction of tetracalcium a,luminoferrite with a large excess of water appears, therefore , to involve the formation of supersaturated solutions containing CaO and A120 a but no Fe20a, the precipitation of the hexagonal forms of hydrated calcium aluminate, and the gradual transformation of these forms into the isometric hydrated aluminate. Since most of the isometric crystals h ave the index of refraction and the unit-cube size of 3CaO.A120 a.6H20, practically all of the Fe203 from the original 4CaO.A120 3.Fe20a must be contained in the accompanying finely divided reddish material.
In order to investigate the reaction when only a limited amount of water is present, a paste of 10 g of tetracaleium aluminoferrite and 5 g of water was stored in a sealed glass vial for 6 days. Microscopical examination of the mixture showed the presence of about 20 percent of unhydrated 40aO.AI20a.Fe20a with the alteration prod uds consisting of a mixture of reddish amorphous material and of isometric crystals with index of 1.63 to 1.64.
Because of the increased refractive index, it appears probable that this material contained some Fe20a in solid solution. As is explained in detail later in this paper, an increased unit cell results from the replacement, in whole or in part, of the Al20 a by Fe20a in this structure, and the increase is in direct proportion to the amount of AbOa replaced. An X-ray powder pattern was made of this material, and a measurement of the unit cell indicated an increased size, this in turn confirming the result of the determination of the r efractive index.
The pure 30aO.Al20 a.6H20 has a unit-cube size of 12.56 A, wllile 30aO.Fe203.6H20 has a cube of 12.74 A. The hydrate prepared from 40aO.Al203.Fe203 had a cell size of 12.60 A, thus 0.04 A larger than that of the pure calcium aluminate hydrate.
Lerch and Bogue [l1J likewise found that the isometric phase from 40aO.AI20 a.Fe20a pastes had a refractive index of 1.640. Their failure to find any displacement in its X-ray pattern is probably due to the fact that the shift is very small and not easily detected by th e camera which they used.
A sample of dry 40aO.Al20 3.Fe20 a steamed in an autoclave at 150 0 0 for 6 days still contained a considerable quantity of the anhydrous ferrite. The isometric product, as before, had a refractive index of 1.63 to 1.64 and a unit-cube size, calculated from the X-ray pattern, of 12.60 A. The index of refraction of the isometric phase is somewhat higher than the value reported by Mather and Thorvaldson [12J for the isometric grains obtained by steaming 40aO.Al203.Fe20a at 150 0 0 and other temperatures.
In another exp eriment, 2 g of 40aO.AI20a.Fe20a was treated with 5 ml of water at 225 0 0 for 3 weeks. No unhydrated 40aO .AI20 3.Fe20 a remained in the product. The index of refraction of the isometric phase showed approximately the same variation as before, and a determination of the unit-cube size gave a value of 12.62 A.
BEARING OF RESULTS ON PRODUCTS OF HYDRATION OF PORTLAND CEMENT
The foregoing results suggest that the hydration products of t he tetracalcium aluminoferrite and glass of portland cement belong to the solid-solution series described in this paper. Whether or not similar hydrates are form ed during the reaction with water of the silicates and aluminate compounds which may be in portland cement has not been proved. However, some recent work reported by Bussem [13J indicates that this may be the case.
According to Bussem, a product having the composition 30aO. AI20 a.2Si02.xH20 (of. plazolite, 30aO.Al20 a.2Si02.2H20) is obtained in the reaction of limewater on dehydrated kaolin and also when 30aO.Si02 and 30aO.A120 3 are precipitated in water. On account of the finely divided state of his product, it was impossible to ascertain microscopically whether it consisted of one, or more than one, phase. On heating the material to 1,200 0 0, it was converted to a mixture of gehlenite (2CaO.AI20 a.8i02) and pseudowollastonite (OaO.Si02). This was advanced by Bussem as proof that the original hydrate was a mixture of hy drated gehlenite (20aO.AI20 3.8i02.xH2 0) and hydrated tricalcium disilicate. However, it would seem at least equally permissible to assume that the original material consisted of a single phase, possibly related to the mineral plazolite, which decomposed according to the equation: 3CaO.Al20s.2Si0 2.xH20 = 2CaO.AlzOs.Si02+ CaO.Si02+xHzO.
The possible formation of hydrated calcium aluminosilicate during the reaction of water with portland cement-burnt clay and similar puzzolan mixtures may explain the high resistance to sulfate action of mortars made from such materials. As Lea [14] has pointed out, this has long been a perplexing question, since it might have been supposed t hat any increase in the alumina content of the mortar would tend to promote formation of additional calcium sulfoaluminate and bring about increased deterioration.
SUMMARY OF HYDROTHERMAL STUDY
It has been shown that the isometric compounds: 3CaO.AI20 3 • 6H20, 3CaO.Fe203.6H20, 3CaO.Al20s.3Si02 (grossularite), and 3CaO. Fe203.3Si02 (andradite), form complete solid solutions with each other. Plazolite (3CaO.AI20 3.2Si02.2H20) belongs to this series. Various members of the group were synthesized by hydrothermal treatment of glasses of the proper compositions and by the reaction of iron and aluminum chlorides with boiling calcium hydroxide solution.
The principal product of hydration at elevated temperatures and pressures of various glasses representative of compositions of the liquid phase of cement clinker at 1,400° C, appears to belong to this solid-solution series, as does also the principal hydration product of tetracalcium aluminoferrite. Recent investigations reported by Bussem indicate that hydrates of the calcium alumino silicate series may be formed during the reaction of mixtures of tricalcium silicate and tricalcium aluminate with water.
Attempts to substitute MgO, MnO, BaO, and SrO for CaO in the series, and to replace Ab03 or FezOs by Cr203, were unsuccessful.
III. X-RAY STRUCTURE STUDIES
By Howard F. McMurdie
INTRODUCTION AND METHODS
It was considered desirable to confirm the solid solutions encountered in the foregoing work by a study of the changes in atomic structure involved. In most cases, end members of complete solid-solution series have atomic arrangements in the same space group, or at l east in closely related ones, and the change in X-ray pattern from that of one end m ember to another will be graduaL Thus the positions and relative intensities of the lines will change continuously as the composition varies and not in steps.
Also, since the synthesis of garnet has never before been confirmed by X-ray patterns, it was thought desirable to do so in this investigation.
Because the crystalline material produced by the hydrothermal methods used here was mostly very fine grained, powder patterns were used exclusively in this work.
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The samples were mounted on fine glass rods in the center of cylindrical cameras having radii of about 5.7 cm, and were rotated during exposure. Cu Ka radiation was used. The radii of the cameras were checked by N aCl. The positions of the lines were measured to 0.01 cm, and the intensities were estimated.
2. STRUCTURE OF 3Ca O.AhOa.6H20
The indexed interplanar spacings and relative intensities for the lines of 3CaO.AI20 3 .6H20 are given in table 6. This pattern indicates a cubic structure with the side of the unit cube equal to 12.56 A ±0.02. 
• Not obsorved on film .
As mentioned earlier in the paper, this compound crystallizes in various forms, such as cubes, octahedrons, dodecahedrons, and icositetrahedrons. The fact that all these are holohedral forms indicates strongly that this compound is in the cubic holohedric class.
From a study of the plane indices (hkl) in column 1, it is evident that in all cases h +k+ l=2n. This indicates a body-centered lattice. There are only two space groups in the cubic holohedral class based on abody-centered lattice: O~ and Oko Space group O},o also requires the absence of all first-order reflections of hkO (such as 130, 350, etc.). No such reflections are found in these patterns, and therefore it is almost certain that Oko is the proper space group. Journal of Research of the National Bureau of Standards [Vol. f6 Grossularite was found to be in this space group by Menzer [15] . He also found eight molecules to a unit cube with a= 11.84 A, and atomic positions as follows:
16 AI in 16 a ( 0 0 0) [16] 24 It may be assumed that the structure of 3CaO.AI20 3 .6H20 will be similar. The 16 Al and the 24 Ca atoms can be placed in the same special positions as in garnet. The spaces taken by Si will be vacant, and the 0 and H atoms will be in the two sets of the general xyz positions with different parameters. Because of the extremely low reflectivity of H atoms, it is impossible to place them with any degree of accuracy in a structure having as many heavier atoms as this compound contains.
If the same xyz values are assumed for this compound as in grossularite, the effect upon interatomic distances is a general increase of every distance proportioned to the increase of the unit cell from 11.84 A for the garnet to 12.56 A. This is obviously improbable. The Ca-O and AI-O distances would be expected to remain almost unchanged, and the increased cube size would result not from a general increase but from an increase in 0-0 distance resulting from the removal of the Si atoms at the centers of the tetrahedrons.
Using x=0.025, y=O.05, andz=0.64, the 0-0 distances are increased from the 2.8 A in garnet to an average of 3.2 A in 3CaO.AI20 3.6H20. The Ai-O and Ca-O distances remain the same as in grossularite garnet.
These atomic positions were confirmed by calculatmg the relativc intensities resulting from this arrangement and by comparing them with those estimated from the film.
The formula where I = relative intensity J =number of cooperating planes in the form F=structure factor O=glancing angle was used, with James and Brindley's scattering values [16] . As reported in an earlier part of this paper, crystalline products, which are between 3CaO.AI20 g.6H20 and grossularite (3CaO.Al20 3.3Si02) in composition, have been prepared hydrothermally. Similar compounds, in which part or all of the alumina has been replaced by Fe 2 03, have also been prepared. All of these compounds are isotropic and have refractive indices intermediate between those of the end numbers.
To confirm the existence of the sohd-solution series by X-ray patterns, it is necessary to find that the positions and rela tive intensities of the lines of the patterns are intermediate between those of the end members involved. First, patterns of natural garnets of high purity were made. The samples of grossularite (3CaO.Al20 3.3Si02) and andradite (3CaO.Fe20 3.3Si02) were obtained from the National Museum, through the courtesy of W. F. Foshag. Tables 7 and 8 give the indexed powder patterns of these compounds. The unit-cube size found for grossularite was 11.84 A an d that of andradite equaled 12.02 A. These agree with the published values for these cell sizes [17] .
It is seen that the increase in unit-cell size du e to the complete replacement in grossularite of 3Si02 by 6H20 equals 12.56 A -l1.84 A, or 0.72 A. Any compound of intermedIate composition must have a unit cube between these limits if it is a member of this isomorphous series. Table 9 gives unit-cell sizes for various prepared compositions. Those containing no Fe203 (i. e. , 1, 12, 13, 14), and having compositions intermediate between those of 3CaO.Al20 3.3Si02 and of 3CaO.Al20 3.6H 20 , in all cases show intermediate unit-cube sizes between those of the above compounds as end members of this series. ----. _----------------------- In the case of number 14, with very little H 20 present, the pattern approaches closely that of natural garnet in the relative intensities a!'; well as in cube size.
The change in cell size resulting from the replacement of Al20 3 by FflzOa can be found by comparing the cell sizes of the two natural ~arnets. The change equals 12.02 A-11.84 A, or 0.18 A.
Because of the similarity of structure, the same differ ence in cell size "xists between 3CaO.Al20 a.6H 20 and 3CaO.Fe20a.6H20. Thus it is seen that t.he cell size of the latter will b e 12.56 A (the size of 3CaO. Al20 a. oH~o) plus 0.18 A or 12.74 A. The same cube size for 3CaO. Fe~03 . 6H20 is arrived at by considering the increase in size found to re.mlt from the complete replacement of 3Si02 by 6H20 in these struc-tures. It was found to be 0.72. Therefore, the cell size of 30aO.Fe20a. 6H20 will equal 12.02 A (the cell size for 30aO.Fez03.3Si02) plus 0.72 or 12.74 A.
As has been explained elsewhere in this paper, it is difficult Lo prepare pure lime ferrite hydrate. It t ends to take up silica from the container during preparation and appears to be unstable when silica is not present. One product, (No. 10), had a cell size of 12.74 A. While this sample contained a small amount. of siliCfI., it also had an excess of OaO. Possibly the silica was not in the hydrate structure but WlJ S combined with the extra OaO. A pat t ern of this sample is given in table 10. The cell size of 30aO.Fe203.6H20 is therefore believed to be near 12.74 A. Eiger [1] reported the cell size to be 12.71 A, stating that silica was present in his product. It is probable, therefore, that the cell size reported by him is smaller than that of the pure hydrate. The hydrothermal production of garnet in this work gives some clue to the method of its formation in rocks. Garnet is not stable at its melting point, since a melt of grossularite composition crystallizes at atmospheric pressure to anorthite, gehlenite, and wollastonite. Garnet largely occurs in metamorphic rocks where there has been great pressure and hydrothermal action may have taken place.
11.9_----
SUMMARY OF X-RAY STUDY
An X-ray study has confirmed the existence of an isomorphous series between the four compounds: 3CaO.AbOa. 6H20, 3CaO.Fe20a.6H20, 3CaO.AI20 a.3Si02, and 3CaO.Fe20a.3Si02. These compounds are all cubic and are in the space group Olo, with eight molecules in the unit cell. The cube size varies from 11.84 A to 12.74 A. In this series, six molecules of H 20 are interchangeable with three molecules of Si02. The replacement of Si02 by H20 is accompanied by an increase in cube size of 0.72 A. A replacement of Al20 a by Fe20a results in an increased cell size of 0.18 A.
The atomic positions in Olo for 3CaO.AI20 a.6H20 are as follows: 16 
